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The  Application  of  P,W,  Bridgin'  8  flNc«  o:if*  to 
Exploding  Wire  Phenomena, * 


Xennoth  0.  h'ocoa  end  Theodora  Xorneff 
Physic o  D-spartmont,  Temple  University t  Philadelphia,  Ponna, 


ABSTRACT 

V  p.tf.  Bridg can  propounded  the  possible  existence  of  a^Kev  rated 

in  a  conductor  carrying  a  current  due  to  a  tine  varying  tonparature,  .  By-ma&ns 

/ 

/ 

of-the raiadynanice 1  arguments  Bridgman  deduced  that  the  emf  generated  is  given 

Anr' ...  .  . 

*.>  This  onf  was  not  detected  by  any  researchers  due  to  the  fact  that  the 
magnitude  of  this  generated  voltage  ie  very  8/nall  under  normal  conditions* 
However,  wider  the  conditions  of  an  exploding  wire  tho  Magnitude  of  the  ezuf  can 


become  increasingly  Important,  It  is  shown' 


-paper' that  this  effect  can 


possibly  account  for  the  excess  energy  required  to  nolt  and  vaporise  a  wire 


wider  tho  extreme  conditions  of  a  rapid  discharge 


IHTRQDUCTIOH 

Tho  amount  of  energy  a  wire  receive a  from  a  capacitor  discharge*  before  it 
undergoes  a  very  rapid  expansion,  may  bo  much  greater  than  the  energy  required 
to  coirplotoly  valorize  it.  This  has  boar,  a  wsll  known  experimental  fact  for  come 
time,  and  some  aspects  of  the  dooendanco  of  the  excess  energy  on  various  paramo  tore 
ha vo  boer.  reported  by  researchers  in  tho  field,  For  example,  Kvartokhava  and 
his  co-workeru*  have  shown  that  tho  magnitude  of  the  excess  energy  deposited  in 
a  uiro  prior  to  tho  rapid  expansion  tea  some  dopendanca  upon  tho  induotano®  of 
tho  dicchargo  oirouit. 


Thoy  have  found  that  in  a  low  inductance  discharge  civcv.it,  the  vrivo  .'ill  absorb 
v.oro  energy  arid  have  loco  ycsiotanco  t  or.  a  wire  undergoing  a  discharge  .».n  a 

r..-rc  inductive  circuit .  it  all  other  paramo  tor  a  era  unchanged.  The  cncees  or  orgy 

2 

I  n*  o.l  5o  boon  studied  by  Kielhsc'ecr  who  fcao  deuonc crated  that  the  energy  absorbed 
por  uv.it  cuss  before  rapt-re  can  ho  increased  by  raising  the  initial  voi  tugo 
ov  by  increasing  the  uir?  uiur.'.ctor  *.*hi.li5  keeping  tno  circuit  cnarac tori sties 


cr-ftac:  r.c,. 


It  is  our  intimtioi:  to  introduce  a  little-  hnc-vm  work  of  £ridj£$?.n 


which  any  lend  to  a  pcoaibla  <’ a  scrip  tic  a  of  the  Guperhoatve;-:;  vr-  too 
to  rosohir.g  its  ran?. ting  tenr-urnturo* 


*  ;  ,-•  t-**i  .x*4 


‘::j,QZZttGAi  background 

rv,  ipzo  3r5.tlg-.intt  oubl£*b*a  a  y:\por  in  the  rhyolcr.i  Ijqvlw  csitit?  cd , 

8  A  r.sv  Kind  of  erf  and  Other  effects  I’hor.-odyn^.icnny  Connected  .:ith  *;ho 
your  Transverse  Effects8^  in  thin  work  bridgoan  proposed  the  theory  that 
there  should  be  nn  «wf,  VB  generated  in  a  conductor  carrying  a  current  vhc-n  the 
conductor  wiper is* no© a  a  charging  t ‘ rip o re bur o «  7v-  k.\.<  ,  as  pro  pc...  on  •/,/  -’'•'•‘'o  •’'*» 


is  given  by, 


r.  _  IL  i-II  07 
'b  “  "T  dl  dt 


uhe-'O  I  ia  the  current  in  the  conductor,  L  the  inductance  and  H  la  the  Hull 

art  07 

coefficient  of  the  conductor-  of  r.r.d  it  aro  the  rates  of  change  of  the  Ml 
coefficient  with  roe-poet  to  the  teufcraturc  and  te  -iperaturo  with  reapsot  to 
tlr.s,  rsepoeUvely-  Brid^an  arrived  at  this  conclusion  through  an  intuitive 
the needy  nar. 3  a  argument,  which  wo  oha'.l  describe  briefly,  in  order  to  ocqir.int 


tho  re a dor  with  this  effect- 


Conoidcr  a  fell  effect  situation  in  which  a  magnetic  field  3  is  established 
perpendicular  to  a  conductor  of  unit  length  and  width  a,  carrying  a  current  I# 
There  will  ex  let  a  Ball  potential  transverse  to  both  the  current,  I  and  field 
3,  who 03  nagnltudo  ifl  given  by, 

T„  a  M  (1) 

n  a 

• 

uharo  wa  have  chocen  H  as  the  Kail  coefficient  for  clarity*  Thio  system  can  bo 
treated  thomodynsiBically  aa  a  battery  whose  omf  is  givon  by  eq.  (1),  oinco  tho 
Kail  coefficient  is  a  slowly  varying  function  of  tho  temperature*  If  we  neglect 
for  the  moment  any  joule  boating,  then  we  can  calculate  work  done  by  tho  system 
when  o.  charged  q  flews  transversely  duo  to  tho  fell  field*  The  work  done  by 
tills  tva<:3  verso  flow  of  charge  moving  through  tho  fell  potontial  is, 

dtf  -  HIB  dq 
a 


How,  .lot  u&  r.ccuas  that  the  otato  of  the  eye  tea  can  be  described  by  the  cot 
of  independent  variables  •;  and  7.  Thin  assumption  implies  that  tho  internal 

i 

aaorgy,  U,  of  the  system  ic  a  function  of  q  and  7  only,  i.o*#  UsU(Q,T}«, 

By  the  application  of  tho  first  law  of  thermodynamics  we  got. 


<!•(!  afk  +  Ml  dlJ  +  JLij\ 

1).  *  Jt  if  h 


Multiplying  ca*(2)  by  1/?  >m  can  form  the  entropy  dS  of  tho  cyoten  and  by 

imposing  tho  condition  that  d3  bo  a  perfect  differential,  i.e*,  '*lh/  dq^T 


we  obtain  the  relation, 


k  I  -  s  i  (ih)  I 

iq  IT  a  iT  * 


msi 


(3) 


Substituting  this  into  oa*(2)  va  can  got  tho  heat  abcorbad  por  unit  charge  whioh 
lia  a  flowed  tranevercoly  to  tho  applied  fiold,  at  constant  tonporaturo,  undor 
tho  assumption  that  tho  wire  has  not  undergone  any  oxpanoion* 


- 'm  -V-(IH>| 

I  a  0?  *1 


(A) 


Equation  (4)  demands  tho  inflow  of  heat  to  tho  cyatan  in  ordor  to  hoop  tho 

temperature  constant  when  thoro  is  a  transverse  current  in  tho  system, 

<  5 

Briagraan  nor  formed  an  oxporiment^  using  bismuth  eio  tho  conductor  at  low  temperature  «* 

•  i 

in  order  to  coo  if  thio  effect  could  bo  detected,  and  ho  found  nogativo  results, 

.  >  ‘  * 

0% 

In  i’1.3  paper,  ho  presents  an  argument  on  tho  bade  of  cypjtry  considerations 

» 

a 3  to  Why  thio  effect  should  vanish.  Mo  shall  not  reproduce  his  reasoning, 

but  shall  refer  tho  reader  to  hia  paper.  Rouavor,  if  wo  accept  this  result  that 

j£a  auat  vanish  at  constant  tonperaturo,  then  ve  arrivo  at  this  rceult. 

A  q 

lAi  =  -  ils  (5) 

I  JT  H  h 

This  relation  shows  that  thy  current  in  a  syotow  will  change  when  tho  temperature 
changes,  while  no  work  will  bo  delivered  by  tho  cyotsn  during  the  change  in 
temperature#  Therefore,  Bridgman  concluded  that  na  Eow  Kind  of  eeif  9  must  be 
genera  tod  in  a  circuit  undergoing  a  temporaturs  change,  wiiilo  carrying  a  current, 


in  ordor  to  produce  thin  change  of  current. 

W\fc-vVc\l 

In  order  to  arrive  at  a  value  for  thio  omf,  lot  uc  perform  a  cimplo  ^exporiwont. 
Mg  shall  prepare  a  superconductor  in  tho  foro  of  a  ring  end  by  coma  moans 
establish  a  circulating  current  in  the  ring.  The  current  *;ill  continue  to  cir¬ 
culate  due  io  the  gLI^  energy  otorod  in  the  inductance,  a o earning  the  energy 


di.iaipatod  by  tho  ohmic  roeiotance  is  negligible. 


IJotf,  if  ?«»  increase  tho  tempera -ure  uniforaly  throtighout  the  conductor,  without 
appreciably  increasing  tho  ohnic  roe 5. stance,  a  counter  enf  7^  should  bo 
generated  according  to  Bridgraan,  and  the  primary  current  trill  have  to  do  work 
against  thio  potential.  The  work  done  against  the  potential  by  tho  primry 
currant  auat  dcploio  tho  energy  stored  in  tho  induotanco,  accordingly, 

IVU **  dt^*I  )  s  LI  —  »  LI  ~  ^  (6) 

dt  dT  It 

Biit,  froa  oa.(5)  substituted  into  oq.  (6)  wo  get  the  result 


LI  dH» 

“H3fJt 


(T) 


This  equation  io  independent  of  tho  o eternally  applied  roognotlo  field  B,  and 
hence,  this  oaf  should  bo  genera  tod  in  any  oirouit  undergoing  a  ohango  in 
temperature,  while  carrying  a  current.  The  effect  io  not  easily  observable, 
for  under  normal  conditions,  to-iporaturo  changes  occur  slowly  with  tine,  and 
tho  current  in  a  circuit  is  usually  not  vory  largo  in  magnitude,  and  furthermore 
the  Rail  coefficient  io  a  slowly  varying  function  of  the  temperature.  Thus, 
tho  magnitude  of  thia  euf  would  net  normally  fca  very  large.  Bridgman  was  not 
ablo  to  do.'ortstrr.to  the  oxioianco  of  this  eruf  duo  to  those  reasons,  in  addition 
to  the  masking  of  this  voltage  by  ohnic  heating  effects,  which  cannot  be 

eliminated  in  a  practical  o::poriEont,  However in  exploding  wiro  studies  the 

i 

effect  fcoco  :e<3  increasingly  important  since  we  deal  with  largo  currents  and 
rapidly  varying  touperatureo. 


sxpEtmsiraa. 


Ia  order  to  evaluate  the  applicability  of  tola  effect  to  oitplouingvdre 
phonoraom,  a  eerie 0  of  energy  measurements  wore  taken  of  vd.ro  c  exploded  ia  a 
discharge  oircult  consisting  of  a  15  niorofarad,  yQOQ  jculo  capacitor*  Tho 
ringing  period  of  tho  circuit  was  13*55  raicroeocondo,  and  th©  value 3  of  tho 
resistance  and  Inductance  ware  19  milliohsa  and  0*5  raicrohonrics,  reepe  3  timely, 
Tho  circuit  uas  discharged  by  c-.ca.n3  of  a  flat  lovotron  type  tviggarod  air  gap 
switch#  The*  ouitch  and  cwitohlng  process  is  tho  topic  of  another  rapes*  which 
v;o  shall  prooont  to  this  conference* 

Tho  current  in  tho  circuit  «roa  tsaourod  by  displaying  tho  integrated 
output  voltage  of  a  eaall  ceil  cn  one  channel  of  a  dual  bea-i  oscilloscope* 

Tho  coil  ic  placod  in  oloso  prorciulty  to  a  ourrout  load  of  tho  discharge  circuit* 
This  has  boon  found  to  bo  c.  convenient  nathed  of  obtaining  tho  instantaneous 


currant  ia  tho  dicchavga  circuit.  Tho  voltage  wnvoforaa  worn  recorded 

simultaneously  with  tho  current,  on  tho  second  channel  of  the  dual  boon 

cooillooccpo*  Tho  voltage  across  tho  sriro  sms  raca cured  by  the  method  of 

h 

electronic  canoe  1  Ic.tion  which  inhibits  tho  iutvoductioR  of  ground  loops  and 
c furious  inductive  voltage 3  into  tho  moauuvisg  apparatus#  The  indicated  riro 
tins  of  tho  apparatus  has  boon  do  tor-  ' lived  to  bo  less  than  0*0^  !?.ic  rove  oroide. 
Tho  determination  of  the  power  deposited  in  tho  wire  waa  found  by  plotting 
tho  product  of  the?  inobaiicar.oouG  values  of  the  current  end  voltage# 
Integration  of  tho  power  curves  yields  the  total  energy  ia  tho  viva,  and  by 
subtracting  tho  inductive  cuargy  aterod  in  tho  magnetic  field  of  the  current 


at  a  given  time,  wo  arrive  at  tho  energy  dissipated  in  the  vd.ro* 


RESULTS 


The  which  wa  tove  .studied  exhibit  the  phene^.-ena,  o?  c*?.?rent  dwell. 

Figure  1  Is  c.  typicc.3  c::;a  -lc  of  the  current  and  voltage  viavoforma  ‘.re  react'd 


with  our  upparaiue. 

25.7  fek/div  for  the 


•f.to  vei'tiulc  doflcsat5.cn  osnoitivity  io  9<> 
voltage  end  cuirrcnt,  respectively,  end  th3 


75  ItV/div  acd 
swoop  epood  io 


2  uiorccco./div*  Tho  initial  vol  Lege-  on  tto  capacitor  v:?.o  10  kV  and  tho  x/iro 
u-iicr  otudy  in  lrig.  I  vc.a  &  £c&  FAQ  gauge  (12.64  ails)  copper  wiro.  In  order 


to  calculate  the  Dridgsean  zvf^  tie  tool-:  tho  first  discontinuity  in  tho  voltage 

waveform  as  the  Indication  that  the  teapsraturo  in  the  wire  hr.d  reached  tho 

Kiel  ting  point  of  ccppcr,  The  discontinuity  to  3  toon  interpreted  ly 

5 

oth'r  rouoarehorc  to  bo  the  point  at  which  tho  wire  cc«aeonc33  to  change  fron 
tho  oolid  to  tho  liquid  eta  to.  H:nco,  wo  enn  evaluate  the  average  change  of 
tho  tGnporaixii'G  with  resneot  to  tine,  by  dividing  the  difference  bdtwcon  roora 
tc-'ipiro.tura  raid  tho  molting  poiset  of  coppor  by  tho  tine  interval  frea  the 
initiation  of  the  discharge  to  tho  discontinuity,  which  z:o  obtain  froca  the  voltage 
wavoforzaa.  This  io  truly  a  rough  approximation,  wince  tho  tsiapSTaturo  Change  io 

J 

not  linear  in  tins,  aa  can  bo  seen  by  the  very  rapid  rice  of  voltage  at  the  and 

of  this  interval#  This  point  will  bo  diGouossd  further  later  in  thio  paper. 

The  rosulto  of  thio  paper  urc  confined  to  tho  interval  prior  to  tho  first 

discontinuity.  The  reason  for  this  is  that  information  cf  how  the  Ball 

ccoiSciont  varies  with  ioraperaturo  above  600°0  is  not  available.  However,  it 

io  known  to  change  linoarly  with  tenporaturo  below  600°C,  henco,  we  can 

extrapolate  at  loast  to  tho  molting  point.  Tho  olopo  of  tho  Kail  coefficient 

$ 

x*lth  temporaturo  ac  detornined  from  tho  data  of  7.  Prank  hao  a  value  of  12.1 

x  10‘5  on^/coulonb.  Thia  elope  wo  aecuao  ronaino  conctant  during  tho  heating 

/ 

period  JLzf  which  the  t:iro  lo  brought  up  to  itc  molting  tsaporaturt. 


& 


Thsrofors,  tka  cun  j/  giver,  ho  the  Hridg.  un  enf  tehee  'chs  fcrci  of 


-  JiiU^  /  I? 

~  h  If  at  o/ 


ii  dT  at  ^ 

whore  tho  coefficients  la  front  of  the  integral  sign  arc  all  constants*  This 

7 

Integral  ie  ukah  Anderson  and  ITcilcoir  call  t'.io  caotic;a  intogral®* 

2 7t  ?ig*  2  the  results  of  the  onorgy  calculations  are  p lotted  for  a 
ijtjijicou*  JO  (iO»C^5  vile)  and  uunhor  (7«95  ^iis)  copnor  vire  5  cs  in  length 
against  the.  initial  voltage  on  tna  capacitor  barer*  raprsccnts  tits  total 
c.:oi\rj*  dope  cite.',  in  tnc  t?iro  c,n  culoulntod  frcii  the  voltage  and  currant 
:nv.-.?civ.a«  Ft  io  tho  :U;Auativc  energy  stored  In  tho  irsngnstic  field  of  the  uiro, 
r :•••  v.  ropi'C cento d  t*y  the  cUrcicA  lines  :tc  tho  required  on.vrgy  co  bring  ths 

Vl.» 

hropcvahuvo  of  tno  niso  free;  rocv.i  henperaturo  up  to  the  uoltir.g  point  cio 
calculated  fr hendivasi*.  valroe.  0X  ie  tho  o::cq:c  on orgy  put  .into  the  i.'ira  up 
to  t::o  tiny  of  was  calculated  by  tuKj.ug  v.i.o  diffn-onco 

botr.ccr*  tiro  total  energy,  Syj  and  tho  Sun  of  tin  induct ivo  energy,  5^,  and  tho  <m»c/$V 
required  ho  heat  the  *?iro  to  its  rvslbisg  point,  £’*p,  l.o* 

l’s  22  'h  "  *  s;s>) 

A  comparison  of  tt.-a  oxcoos  energy  Fh,  trihn  the  energy  dun  to  I  no  Bridge  an  effect 

•’.3  nbsi/s  rco.rorablo  .agree -.out  r;  .tor  tho  tvpp;x:;ir.:ahicno  undo  on  tho 

heaps r stare  c/^jjgo-o  In  too  wire#  Heerover,  tho  agreement  of  two  excess  caorgjr 
with  t.iat  eulc^lvMicd  for  tho  fridgn-xn  effect  io  r.ot  good  uit:i  wires  having 
thicJcoi*  di.u-etorjs. 


Dl&CuStilOH 


Tho  rorulto  of  thio  otudy  can  be  taken  as  tr.  indication  that  tho  flridgican 
aa»f  rjejr  bo  i—poravnt  in  accounting  for  the  excaaa  enorgy.  However,  the  cal¬ 
culation  of  tho  Sridg^n  energy  oust  ta  refined  to  Gllcinsto  tno  orrora  in  tno 
crotiiod  of  calculation.  Tho  linear  approxinationo  cade  ©a  tho  toaporaturo 
varii'.t*  un  ia  tho  na  jor  source  of  error.  This  error  can  bo  greatly  reduced  by 

p 

tho  uua  of  a  result  obtained  by  iteilhackor  for  tho  tonperaturc  of  the  wire 
ae  a  function  of  tho  current,  and  tine.  Tho  tins©  rate  of  change  of  tonperaturc 
can  bo  calculated  fro:a  hio  results  end  is  given  by 

jt 

whore  of  io  ttss  cceflcient  of  linear  oxp&nalon,  o'  tho  conductivity,  ^  the 

density  at  rocca  temperature  for  copper.  Thu  radius  of  tho  conductor  is  a,  and 
«• 

o  represents  the*  average  spooiflo  hast  over  the  teaporeture  range  in  question. 
Thio  calculation  shall  bo  dona  at  ocme  future  tine* 

Tho  devcrgc-nco  of  tho  theory  from  experimentally  determined  values  of  the 


Oacoss  energy  calculated  for  thicker  dianetor  nirea  it  believed  to  b»  duo  to 

A 

skin  of  fee  to.  Tivo  akaractoriotio  ti  o y?o'«"ior  the  thicker  wires  is  of  tha 

ft 

coho  order  of  uari^ltudc  na  tho  period  or  tno  discharge  circuit.  Bennett*  tv'is 
cho\:n  that  ihiu  in  the  condition  for  tho  transient  ekiu  effect  to  boccra  an 
important  factor  in  exploding  vrira  phenomena.  Tho  skin  of  foot  caueoo  a  non- 
unlfunn  distribution  of  tho  currant  density,  arid  totnperaturo  grad  lento  are 
ootnbliohod  in  tho  conductor  union  greatly  oca plica tea  the  situ&tlcRo 

Tho  effect  chows  qualitative  agreomont  with  experiment,  for  it  in  voiy 
sensitive  to  tho  rate  cf  admluoion  of  energy  into  tlis  wire.  This  is  bom  cut 
by  tho  foot  that  tho  axe oca  energy  Increases  with  an  inoretmc  In  tho  initial 
voltage  on  the  capacitor  bank  and  n  tlcorcas©  in  tho  circuit  Inductance. 


•1 


The  of  foot,  of  changing  these  rurarcs  tors  is  to  increase  the  initial  elope  of  the 
current  rice,  thus  raising  the  power  in  the  wire*  The  footer  wo  apply  onorgy 
to  tho  wire  in  order  to  increase  the  rate  of  hooting,  the  greater  will  bo 
the  energy  esponiod  in  doing  work  against  the  Bridjjsan  caf  generated  no  a  result 
of  the  rapidly  changing  tonperaturo*  ¥hi3  energy  which  ia  lost  to  the  Bridgman 
onf  cannot  go  into  heating  the  wire  end  mist  ho  accounted  for  in  n  microscopic 
nedol  of  tho  conduction  process, 

Tho  chaining  Fix  11  coefficient  with  reapoct  to  temperature  ray  proved®  the 
answer  to  the  oxcooo  onorgy.  Tho  llall  oooffiolont  io  proportional  to  tho 
reciprocal  of  tho  density  of  effect! vo  chnrgo  carriers*  Therefore,  tho  Bridgman 
aiaf  could  bo  the  result  of  increasing  tho  density  of  the  effective  charge 
carriers s  ar.d  tho  encccc  energy  geos  into  tho  creation  of  those  charge  carriers* 
Tho  approach  to  the  proh-lsn  must  lie  in  the  application  of  the  Boltznan  equation 
to  tin  noniqu.llihrf.u3  process  of  a  rapid  die  char  go  of  current  through  a  conductor, 
under  the  restrictions  of  I'orni-Dis'&o  Ghstictica* 
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Tin  results  cf  this  paper  indicate  that  tho  Bridgman  effect  is  worthy  of 
continued  study  and  with  refinement  of  the  calculations  way  provide  a  nouns  of 
calculating  tho  amount  of  oncost  one vgy  deposited  in  tho  wire*  Under  a  more 
rigorous  o.raly  sis ,  tho  effect  may  provide  a  description  ohc.j.Vng  where  the  once  no 
energy  is  utilised  in  exploding  wire  phenomena,  TIioso  invc stigu tio:;s  are  now  in 
progroco  and  tho  rosulto  of  thcco  studio  c  will  be  nn.de  available  when  the  work 
io  completed* 
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Figure  1.  Current  and  Voltage  for  #28  B  &  S  gauge  Copper  Wire 
A  -  Vertical  Deflection  28.7  KA/Div. 

B  -  Vertical  Deflection  9750  V/Div. 

Horizontal  Deflection  5/i  Sec/Div. 


Figure  2.  Current  and  Voltage  for  #28  B  &  S  gauge  Copper  Wire 
A  -  Vertical  Deflection  28.7  KA/Div. 

B  -  Vertical  Deflection  9750  V/Div. 

Horizontal  Deflection  2/u  Sec/Div. 
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